Background: Although centrosomes serve as the primary organizing centers for the microtubule-based cytoskeleton in animal cells, various studies question the requirements for these organelles during the formation of microtubule arrays and execution of microtubule-dependent processes. Using a genetic approach to interfere with centrosomal function, we present an assessment of this issue, in the context of early embryogenesis of the fruit fly Drosophila melanogaster.
Background
Ordered arrays of microtubules provide a mechanistic basis for diverse cellular processes, including mitosis, motion and transport of macromolecules and organelles, and the general spatial organization of cytoplasmic components [1] . In animal cells, centrosomes have long been recognized as the primary organizing centers for microtubule structures [2, 3] . A growing body of evidence demonstrates, however, that microtubules can be arranged into functional arrays in the apparent absence of conventional organizing centers. Prominent examples include the organization of spindles around DNA-coated beads [4] , mitosis in parthenogenetic Sciara embryos [5] , and the microtubule-dependent distribution of pigment granules in melanophores [6] . Models invoking alternative nucleation sites and the action of microtubule-based motor proteins, have been proposed to explain such 'self'-organization properties of microtubules [7, 8] . These studies thus bring into question the essential nature of centrosomes as mediators of microtubule-based processes. We present here an examination of this issue in a system amenable to both cell-biological and genetic experimental approaches, namely, the early embryo of the fruit fly Drosophila melanogaster.
The earliest stages of embryonic development in Drosophila are characterized by rapid and synchronous rounds of nuclear division that proceed without intervening cytokinesis. As a result, the large-scale morphogenetic processes that are typical of early embryogenesis occur within a shared cytoplasm (syncytium). The embryonic cytoskeleton has been shown to function as a primary mediator of these syncytial events (reviewed in [9, 10] ). We describe here the phenotypic characterization of embryos derived from females bearing severe loss-of-function mutations in the centrosomin (cnn) locus, which encodes Centrosomin, a component of early embryonic centrosomes [11] . The structural integrity of centrosomes in cnn mutant embryos is strongly compromised. This finding allows us to assess the contributions of microtubule-organizing centers (MTOCs) to early embryonic development in Drosophila.
Results

Female-sterile alleles represent severe loss-of-function mutations in cnn
A contribution of the zygotic genome to the morphogenetic events of Drosophila embryogenesis is first observed during blastoderm cellularization, the simultaneous enclosure of syncytial nuclei into individual cells, which takes place following the initial 13 rounds of synchronous nuclear divisions in the embryo [12, 13] . Mutations that affect cytoplasmic organization of the early, syncytial embryo are thus expected to be maternal in origin. To identify such mutations, we examined part of an existing collection of female-sterile alleles [14] . Females homozygous for the single allele mat (2) syn HK21 lay morphologically normal eggs, that are fertilized but do not hatch. The resulting embryos display a wide spectrum of early embryonic phenotypes, detailed below, suggesting roles for the encoded gene in various aspects of cytoskeletal control of cytoplasmic organization during early development. Two new alleles, which fail to complement mat (2) syn HK21 and are designated E2 and B4, were generated in order to help expand the phenotypic analysis (see Materials and methods section). All three alleles are homozygous and hemizygous viable, but lead to sterility in both female and male flies. No additional defects, besides a slight and variable irregularity in the pattern of wing venation, have been observed in the mutant flies.
In parallel with the phenotypic studies, we carried out a molecular genetic analysis, in order to clone the structural gene mutated in the mat(2)syn HK21 complementation group (Figure 1a) . A small deficiency, designated Df(2R)8-104, which failed to complement these alleles, was obtained through imprecise excision of a P element inserted in the drk (downstream of receptor kinases) locus [15, 16] . A chromosomal walk demonstrated that the proximal breakpoint of Df(2R)8-104 fell within the cnn gene [11] , thereby mapping mat(2)syn HK21 to the cnn-drk interval. Genetic complementation tests demonstrated that the arrow (arr) locus [17] also maps to the region defined by Df(2R)8-104.
The complex transcript profile of the cnn-drk interval, as determined by cDNA library screens (Figure 1a ), motivated us to further minimize the relevant region. Towards this end we obtained single recombinants between mat(2)syn HK21 and both drk and arr alleles. The arr recombination event proved particularly informative because it positioned mat(2)syn HK21 proximal to arr and allowed us to map the recombination site within the extreme distal portion of the cnn gene (Figure 1a ) using restriction fragment length polymorphism analysis (data not shown).
These studies thus enabled us to map both the distal and proximal limits for the mat(2)syn HK21 complementation group within cnn gene sequences, strongly implying that these alleles arose from mutations in cnn. Additional, definitive proof of the connection between the cnn gene and the mat(2)syn HK21 genetic locus was obtained through several independent lines of investigation. Firstly, two transgenic rescue constructs, a cnn 'minigene', lacking most intronic sequences, but retaining the 5′ regulatory region of cnn and all coding and non-coding exons, and a germline-specific cnn construct based on the pCOG transformation vector [18] , fully rescued both the female and male sterile phenotypes of the mat(2)syn HK21 complementation group, regardless of the allelic combination used. Secondly, single nucleotide alterations of the cnn gene were discovered in all three mutant alleles of the mat(2)syn HK21 complementation group (Figure 1a ). The mat(2)syn HK21 and E2 alleles contain independent nonsense codons within the amino-terminal portion of the coding region, leading to a predicted premature termination of the Cnn protein produced by the mutant genes. The B4 allele is a result of a missense mutation within the extreme carboxy-terminal portion of the coding sequence.
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Figure 1
Molecular genetics of cnn. (a) Schematic representation of the chromosomal region at the distal portion of cytogenetic band 50A that includes the cnn locus. The horizontal line signifies the extent of the chromosomal walk. Short vertical lines mark the positions of EcoRI restriction sites. The extent of the small deficiency we created, Df(2R)8-104, is shown above the walk. Arrows mark the approximate recombination site (rec) in the cnn/arr recombinant chromosome, and the map positions of three sequence-tagged sites (sts2683, sts2651, sts2676) generated by the Berkeley Drosophila Genome Project. Positions of the drk and cnn genes, as well as four additional maternal cDNAs that map to the region (designated A-D), are shown below the walk. The region containing cDNA 'D' is complex and likely to include more than one transcription unit. Enlargement of thẽ 11 kb region encompassing the cnn gene is shown below. The gene is oriented so that transcription proceeds in a distal to proximal fashion, and was found to contain seven exons (shown as boxes, with the coding regions in black [19] females were subjected to western blot analysis. The blots were probed with anti-Cnn antibodies and with antitubulin antibodies as a loading control. Sizes of marker proteins are indicated at the left. 
As discussed below, the nature of the changes in protein sequence match the relative phenotypic severity of the alleles. Thirdly, antisera we raised to Cnn identified a single ~170 kDa protein species in western blots of total early embryonic extracts ( Figure 1b ). As expected, Cnn was not detected in extracts from early embryos produced by either mat(2)syn HK21 or E2 hemizygous females, whereas extracts of embryos derived from B4 hemizygous females contained full-length Cnn protein.
Our identification of cnn as the structural gene mutated in a viable, female-sterile complementation group, needed to be reconciled with a previous study that reported the identification of lethal mutations in the cnn gene [19] . These mutations, originally designated as the cnn complementation group, were subsequently [20] determined to be allelic to arr zygotic mutations, which lead to embryonic segment-polarity patterning defects and are lethal [17] . Our genetic and molecular data neither suggest nor support the conclusion that these lethal alleles represent mutations in the cnn gene. First and foremost, we observed complete genetic complementation between the mat(2)syn HK21 complementation group (which encodes the cnn gene) and arr, in that all trans-heterozygous allelic combinations we tested were fully viable and fertile in both sexes. These results correlated with the finding that the two cnn-based rescue vectors that we constructed were unable to rescue arr mutations, and with our observation that arr cnn12-1 , presumed to be an allele that fails to make Cnn protein [19] , in fact produces wild-type levels of full-length Cnn (Figure 1b) . Furthermore, the observation that the viable mat(2)syn HK21 and E2 alleles encode drastically truncated forms of the Cnn protein, implies that mutations in the cnn gene do not result in lethality. Finally, the analysis of the mat(2)syn HK21 /arr recombinant chromosome suggests that arr mutations probably reside in a gene that maps distal to cnn. These arguments lead us to conclude that mat(2)syn HK21 /cnn and arr are distinct genetic loci. We expect that a transcription unit other than cnn will eventually be shown to represent arr.
Taken together, the above data provide compelling evidence that the mat(2)syn HK21 complementation group represents mutations in the cnn gene. A recent study [20] presented similar data implying that a male and female sterile complementation group, designated mfs, arose from mutations in cnn. We propose that both the mat(2)syn HK21 and mfs complementation groups are collections of mutant alleles in the cnn gene, and that the phenotypes described for these alleles, but not for the arr alleles [19] , are relevant for understanding the functions of the cnn gene product. We therefore designated the mat(2)syn HK21 allele as cnn HK , and the two additional alleles we describe as cnn E2 and cnn B4 . Embryos derived from cnn mutant mothers are referred to from now on as 'cnn embryos'.
Centrosomin is an integral component of MTOCs in early Drosophila embryos
The anti-Cnn antiserum was used to determine the localization of the protein in early embryos ( Figure 2 ; see also [11] ). A tight localization to MTOCs was observed. Following completion of meiosis and fusion of the female and male pronuclei, Cnn localized to the centrosomes of the first zygotic nucleus (Figure 2d ). This centrosomal association persisted throughout the 13 synchronous rounds of nuclear divisions of the syncytial embryo. During the syncytial division cycles, Cnn was found at all MTOCs, whether they were the pair of centrosomes associated with interphase nuclei (Figure 2e ), which nucleate distinct microtubule asters (Figure 2f ), or whether they were the spindle poles during mitosis (Figure 2g ,h). Significantly, the centrosomal localization of Cnn was not dependent on the presence of an intact microtubule cytoskeleton, because treatment of embryos with the microtubuledisrupting drug colchicine did not affect the localization pattern ( Figure 2i ; [19] ). Cnn can therefore be considered to be a core component of early embryonic centrosomes.
In addition to the close association of Cnn with centrosomes and spindle poles of the zygotic nuclei, distinct concentrations of the protein were detected, shortly after egg deposition, in MTOCs of both maternal and paternal origins (Figure 2a -c). Drosophila oocytes initiate meiosis during the later stages of oogenesis, but remain arrested in meiosis I until activation during egg lay [21] . Although meiosis proceeds in the apparent absence of centrosomes at the meiotic spindle poles [22] , organization of centrosomal antigens is observed at the center of the meiosis II spindle, which has been proposed to act as an MTOC [23, 24] . Cnn was found to be associated with meiosis II spindles at this location ( Figure 2b ), but not with the meiosis I structure ( Figure 2a ). In parallel, the protein localized to the centrosomal material at the heart of the large aster that marks the apex of the fertilizing sperm ( Figure 2c ).
Centrosomes are impaired or absent in cnn mutant embryos
The identification of mutant alleles in cnn, led us to examine the distribution and structural integrity of centrosomes in cnn mutant embryos. We explored this issue by studying the localization pattern of two proteinsDrosophila γ-tubulin and CP190 -that normally localize to early embryonic MTOCs during specific stages of the nuclear division cycles [25] [26] [27] [28] . Both proteins are core components of the centrosome [29] . Although the function of CP190 is still unknown, γ-tubulin is well established as an essential nucleator of centrosome-based microtubule arrays in a large variety of animal cells [30] , including early Drosophila embryos [27, 31] .
In wild-type embryos, γ-tubulin strongly localized to centrosomes during interphase of the cortical division cycles, whereas during mitosis it was found primarily at the spindle poles and also over the spindle itself (Figure 3a ,b; [27, 28] ). In cnn HK and cnn E2 embryos, a striking mislocalization of γ-tubulin was generally observed. No discrete localization of γ-tubulin could be detected at all during interphase (Figure 3c ; see also Figure 6f ). During mitosis γ-tubulin was found over the spindle region, but was clearly missing from the spindle poles (Figure 3d ; see also Figure 6h ,j). These observations imply that γ-tubulin is specifically missing from the MTOCs of early cnn mutant embryos, throughout the nuclear division cycles.
The second centrosomal antigen, CP190, normally displays a dynamic localization pattern, which partially overlaps that of γ-tubulin [25, 26] . The protein alternated between a nuclear localization at interphase (Figure 3e) , and redistribution to the mitotic spindle and the spindle poles ( Figure 3f ). In cnn mutant embryos (Figure 3g ,h), CP190 was properly localized to nuclei during interphase, and to the spindle region during mitosis, but was noticeably absent from its normal position at the spindle poles. The mislocalization pattern of two key centrosomal elements leads us to conclude that the MTOCs of cnn embryos are structurally and functionally impaired, and might be missing altogether.
We would like to emphasize that the centrosome-loss phenotype of cnn HK and cnn E2 embryos was variable, in that weak and somewhat diffuse centrosomal localizations of γ-tubulin and CP190 were observed in the mutants at times, and that it might help to explain the variability in other phenotypic aspects. In the case of the cnn B4 allele, the localization of the centrosomal antigens was for the most part normal (data not shown); an observation that accounts for the milder phenotypes observed in cnn B4 mutant embryos (see below).
Mutations in cnn impair the spatial organization of early embryonic nuclei
To assess the effects of impairments to centrosomal function on early embryonic development, we first examined the organization of nuclei within syncytial cnn embryos. In early wild-type Drosophila embryos, the rapidly dividing nuclei undergo a highly stereotypic pattern of motion and migration [32, 33] (Figure 4 ). The initial divisions, which took place within the interior of the embryo, were Disturbances to the division pattern and spatial arrangements of the syncytial nuclei during the internal cleavage divisions were a common feature of cnn embryos. In extreme cases, which constituted 10-25% of embryos derived from cnn HK or cnn E2 mothers (n = 302), the nuclei were widely dispersed throughout the egg plasm (Figure 4e ). More commonly, the patterns of division and motion were partially flawed, leading to uneven distributions of nuclei during migration (Figure 4f) , and resulting in a non-uniform arrangement upon their arrival at the egg cortex (Figure 4g ). In wild-type embryos, nuclei continued to form an ordered cortical monolayer, as they executed the four penultimate syncytial divisions (Figure 4d ). The spatial arrangement of nuclei during these late syncytial stages became severely disrupted in practically all cnn embryos at this stage (Figure 4h ; n = 110): clumps of nuclei were separated by large, empty regions; nuclei appeared to fall back into the interior of During the late syncytial stages of development in wildtype embryos (division cycles 10-13), a previously uniform layer of cortical microfilaments (Figure 5a ) responded to the presence of the nuclei by extensive structural rearrangements that followed the nuclear division cycles and affected formation of distinct surface structures [34] ( Figure 5 ). F-actin caps overlaid interphase nuclei during all four cortical division cycles (Figure 5b ). During the mitosis stage of cycle 10, the cap structures split into twin 'half-caps' (Figure 5e ), which were situated above the spindle poles [34] , whereas transient, microfilament-lined invaginations -known as metaphase furrows -formed between adjacent spindles during the mitosis stages of cycles 11-13 ( Figure 5g ). The cortical microfilament-based structures are thought to act as nuclear anchoring sites and physical barriers between neighboring nuclei, in place of permanent cell membranes (reviewed in [9] ). A disorganized cortical nuclear array is an inevitable outcome of impairments to the cortical microfilament restructuring process [35, 36] . The severe deleterious effect of cnn mutations on the spatial organization of nuclei during the cortical division phase of syncytial development (Figure 4h ) prompted us to examine the state of cortical microfilaments in the mutant embryos. Indeed, a complete absence of any aspect of the cortical microfilament response that normally follows nuclear migration constitutes a prominent phenotypic feature of cnn HK and cnn E2 embryos. The cortical actin layer retained its unstructured appearance throughout the initial cortical division cycle (Figure 5c ,f), and during subsequent cycles as well.
The cnn B4 phenotype was distinct, in that cortical microfilaments were partially responsive to the arrival of migrating nuclei. In cnn B4 embryos, microfilament caps were properly organized during interphase of the initial cortical division cycles (Figure 5d ), but only few, weak metaphase furrows formed during mitosis (Figure 5h ), leading eventually to a developmental arrest prior to cellularization. These observations imply cnn function is required continuously throughout the cortical division cycles and suggest that the cnn gene product is necessary for all aspects of cortical microfilament organization.
Atypical microtubule arrays are associated with the nuclei of cnn embryos
Using anti-β-tubulin antibodies to visualize microtubules, we followed the structural dynamics of nucleus-associated microtubule structures during nuclear division cycles in cnn embryos. Astral microtubule arrays, nucleated by pairs of centrosomes, are characteristic of interphase and prophase of the division cycles in early wild-type Drosophila embryos (Figure 6a ,b; [37] ). Distinct aster-like microtubule concentrations were observed during the corresponding stages in cnn embryos (Figure 6f,g) . A variable number of such structures was found in association with the nuclei in mutant embryos. The morphology of these microtubule arrays was spread out and less discrete than that observed in the wildtype situation. Given the apparent absence of a γ-tubulin nucleating core, the origin of these structures is unclear.
As the nuclei in cnn mutant embryos proceed through the division cycle, the associated microtubules rearranged to form an atypical mitotic spindle (Figure 6c,d ,h,i). As opposed to the elongated form of wild-type spindles, which converged on distinct polar regions, the spindles in cnn mutant embryos were characteristically squat, and lack well-defined poles. The mutant spindles gave way to morphologically normal microtubule-based midbodies during late anaphase and telophase of the nuclear division cycles (Figure 6e,j) , although centrosomes were obviously missing at this stage as well.
Thus, although the spatial organization of nuclei in early cnn embryos is abnormal, nuclear division cycles appear capable of proceeding to completion, despite the apparent absence of fully functional centrosomes. This conclusion should be qualified given the variable nature of the centrosome-loss phenotypes. In vivo imaging studies will be required to fully assess this issue.
Discussion cnn is an essential component of early embryonic centrosomes
The phenotypic and molecular analyses presented above suggest that the cnn gene encodes a centrosomal protein that is essential for the proper formation of MTOCs in the syncytial-stage Drosophila embryo. The cnn gene products are supplied maternally to the developing embryo. Two of the alleles we studied, cnn HK and cnn E2 , represent mutations that result in drastic truncations of the Cnn protein.
Embryos supplied with these mutant proteins do not appear to contain functional centrosomes, as demonstrated by the abnormal localization patterns of the established centrosomal antigens γ-tubulin and CP190. Ultrastructural studies are required to assess fully the impact of the mutation on centrosomal structure.
Immunolocalization experiments further demonstrate that Cnn is a core component of early embryonic centrosomes. The observation of a strict centrosomal localization of Cnn during early development of wild-type embryos, coupled with the functional requirements revealed by the mutant phenotype, imply that this protein performs a role essential for the structural integrity of early embryonic centrosomes. Structural attributes of Cnn, in particular the striking coiled-coil nature of the protein [11] , suggest that the functional requirement for Cnn involves a rigid centrosomal structure, and extensive protein-protein interactions. One possibility we envisage is that Cnn is a component of a scaffold, upon which early embryonic MTOCs are established.
Expression of cnn is not restricted to early embryonic stages. Our immunolocalization studies demonstrate that Cnn is a general component of mitotic spindle poles throughout fly development, whereas in non-dividing cells the protein is generally cytoplasmic (D.V-O. and E.D.S., unpublished observations). Despite these dynamic and continuous expression patterns, the mutant phenotypes indicate a clear functional requirement for cnn only in syncytial embryos and the male germline (see [20] for analysis of the male-sterile phenotype of mfs alleles). This conclusion implies, in turn, that proper formation of only certain types of MTOCs -in particular, those present in the early embryo -are absolutely dependent on cnn function. The restricted requirement for cnn might reflect a structural diversity among MTOCs of different developmental stages (discussed in [38] ). One possibility is that the functions provided by Cnn are shared with additional centrosomal
Figure 6
Atypical microtubule structures are associated with nuclei of cnn syncytial embryos. Microtubules (green) are visualized with anti-β-tubulin antibodies and centrosomes (red) with anti-γ-tubulin antibodies [27] . WT cnn elements during late stages of development. Such redundancy would compensate for the loss of any one element caused by mutation. In this context, we cannot rule out that the mutant alleles supply a low level of cnn function that is generally sufficient during postembryonic stages. Alternatively, it is possible that the very rapid nuclear divisions characteristic of early embryogenesis pose unique hardships on the centrosomes and spindle poles of syncytial-stage embryos that can be withstood only if a full complement of structural proteins such as Cnn are present.
Role of MTOCs in early Drosophila embryonic development
The apparent absence of functional centrosomes from cnn syncytial embryos provides a unique opportunity to assess the contribution of MTOCs to early embryogenesis of the fruit fly. Complete or partial dependence of several largescale cytoplasmic events on the presence of centrosomes is evident from the mutant phenotypes. Centrosomes appear to be absolutely required for the dynamic restructuring of cortical microfilaments during late syncytial stages, given that the cortical microfilament layer completely fails to respond to the presence of centrosomedeficient nuclei near the surface of cnn HK and cnn E2 eggs. These observations are in agreement with the results of a series of studies, in which a close correspondence between presence and position of centrosomes and the formation of microfilament caps and furrows was demonstrated, implicating centrosomes as the instructive agents driving cortical microfilament restructuring in Drosophila syncytial embryos [39] [40] [41] . The elimination of functional centrosomes by genetic means, as achieved here, provides an important complementary approach to the earlier investigations, which primarily involved administration of toxic materials or exposure to extreme environmental conditions. The consistent results of all these studies strongly support the notion that order within the cortical nuclear array relies on a communication process between centrosomes and cortical microfilaments, in which centrosomes are the primary instructive agents, and provide a prominent example of interactions between the microtubuleand microfilament-based cytoskeletons [42] .
A second aspect of syncytial cytoplasmic organization affected by cnn mutations is the stereotypic motion and spatial arrangement of the nuclei. Internal nuclei are unevenly distributed in the vast majority of cnn embryos, resulting in a non-uniform pattern when they reach the cortex. This phenotype is not unexpected, as previous studies have suggested centrosome-based mechanisms for nuclear motion in insect eggs. Thus, a mechanism for nuclear migration in early Drosophila embryos has been proposed, in which outward motion of nuclei from the embryonic interior results from 'pushing-off' between centrosome-based microtubule arrays of neighboring nuclei [33] . Furthermore, a recent landmark study of parthenogenetic development in Sciara, suggested that spacing between nuclei is not properly maintained in the absense of centrosomes and astral microtubules [5] .
Finally, it is apparent that in syncytial Drosophila embryos, execution of the mitotic divisions themselves can proceed, to varying extents, even in the absence of intact centrosomes. The microtubule structures associated with the nuclei of cnn embryos exhibit distinct morphologies during these unconventional nuclear cycles. The midpoint of mitosis is characterized by formation of an abnormally shaped spindle, reminiscent of the atypical spindle morphology that has been described in other instances of mitosis, in the apparent absence of discrete spindle poles [5, 43] . Additional unusual structures observed in cnn embryos are enigmatic aster-like concentrations of microtubules at the periphery of interphase nuclei. Normal microtubule midbodies appear to form in late anaphase of the division cycle. Proper organization of midbodies is possible regardless of the functional status of centrosomes [5] . The competence of cnn embryos to sustain mitotic division cycles is in keeping with a variety of recent studies that have demonstrated formation of functional mitotic spindles despite the lack of centrosomes (reviewed in [44] ). Identification of cnn as a mutation with relevant phenotypes in Drosophila should enable application of a genetic approach towards elucidation of the mechanistic basis of this phenomenon.
Conclusions
Progeny of female Drosophila flies that bear mutations in the centrosomin locus cease to develop during the early, syncytial stages of embryogenesis. A failure to form functional centrosomes, as judged by the abnormal distributions of key centrosomal antigens, is the underlying cause of the developmental arrest. Critical developmental processes, including patterned motion of nuclei within the egg, and structural rearrangements of cortical microfilaments, are found to be strongly dependent on centrosome function. Various microtubule-based arrays, including mitotic spindles, seem capable, however, of forming in the apparent absence of functional microtubule organizing centers. The cnn mutant phenotypes and the strict localization of the Cnn protein to MTOCs in syncytial Drosophila embryos, imply that Cnn is an essential core component of early embryonic centrosomes. It appears, however, that centrosome structure is not fully dependent on Cnn during later developmental stages.
A separate study of cnn embryonic phenotypes by Megraw et al. [45] has been recently published.
Materials and methods
Drosophila genetics
The small deficiency, Df(2R)8-104, was recovered following transposase-based mobilization [46] of the P{PZ}drk 10626 P-element, inserted in the drk locus (see [47] 
Molecular genetics
All experiments involving conventional use and manipulation of nucleic acids and proteins, including cloning and blot hybridizations, were performed according to standard protocols [49] . The 70 kb chromosomal interval between the drk and cnn genes was isolated as a series of overlapping phage clones, following a chromosomal walk utilizing a random-sheared phage library [50] . EcoRI fragments were subcloned into Bluescript plasmid vectors (Stratagene), and used separately to probe cDNA libraries. The distribution of transcription units within the drk-cnn region ( Figure 1a ) was obtained following cross-hybridization and partial sequencing of select cDNA clones. The structure of the cnn gene was derived from comparison of the DNA sequences of fulllength cnn cDNA clones and the genomic region encompassing the cnn gene, which was sequenced in its entirety, except for a portion of the first intron. Detection of DNA lesions in the cnn mutant alleles was achieved by re-sequencing of genomic DNA derived from flies homozygous or hemizygous for each of the three alleles. The reported lesions were each observed in at least two independent experiments. DNA sequencing was performed by the Weizmann Institute DNA Sequencing Unit. Restriction fragment length polymorphism studies involved Southern blot analysis of various restriction digests of genomic DNA derived from flies harboring parental or recombinant chromosomes, using subclones of the chromosomal walk as probes. The germlinespecific rescue construct was obtained following subcloning of a fulllength cnn cDNA into the HpaI-NotI sites of the pCOG vector [18] . The cnn 'minigene' rescue construct was obtained by fusing a ~1 kb genomic DNA PCR-derived fragment, commencing at STS Dm2651 (which is included in cDNA 'A', Figure 1a) , to a KpnI site 177 bp into the cnn cDNA, and subcloning the fused fragment into a CasPeR transformation vector [51] . Germline transformation was obtained by standard methods [52] . Multiple transgenic lines were established and used separately in the phenotypic rescue experiments.
Antibodies to centrosomin
A 2322 bp ClaI-ApaI fragment of the cnn cDNA was subcloned into the pRSET-B plasmid expression vector (Invitrogen), to generate a fusion protein in which a short, vector-derived, histidine-rich amino-terminal region was fused in-frame to residues Asp146-Arg919 of Cnn. Following induction with IPTG, bacterial cell lysates were obtained, and the fusion protein was partially purified on a Nickel-agarose bead affinity column, according to the manufacturers' instructions, followed by electroelution of the appropriate band from a preparative SDS-polyacrylamide gel. Injection of purified antigen into rabbits and collection of immune sera was performed by the Weizmann Institute Antibody Production unit.
Preparation and examination of embryonic samples by microscopic techniques
Embryos were collected and prepared for indirect immunofluorescent visualization of various antigens and dyes by several fixation methods (see [53, 54] for detailed protocols and explanations). Briefly, embryos were dechorionated in 50% sodium hypochlorite, and usually permeabilized and fixed by gentle agitation for 5 min on the interface of an octane/37% formaldehyde fixative solution, followed by chemical 'popping-off' of the vitelline membrane by rapid shaking on a methanol-octane interface. For visualization of microtubules, embryos were fixed by incubation in methanol for several hours. For phalloidin staining, fixed embryos were devittelinized manually. Colchicine treatment of living embryos, prior to fixation, was performed according to [29] . All fixed samples were commonly incubated at room temperature for 1.5 h in PBGT (PBS/2% normal goat serum/0.1% Triton-100), then stained with a primary antibody diluted in PBGT at 4°C for 16-24 h. Dilutions used were 1:2000 for the γ-tubulin antisera [27, 28] , 1:500 for anti-CP190 [25] and 1:250 for anti-β-tubulin (Amersham). Following washes in PBT (PBS/0.1% Triton-100), embryos were incubated for 3-4 hours at room temperature in 1:300 dilutions in PBGT of goat-derived rhodamine or fluorescein isothiocipanate conjugated secondary antibodies (Jackson Labs) directed against the appropriate species. Finally, the embryos were washed extensively in PBT and mounted in Aqua Polymount (Polysciences). Microfilaments were visualized by incorporating a 30 min incubation in 1 unit/ml rhodamine-conjugated phalloidin (Molecular Probes) in PBS in the final washes. Nuclei were commonly visualized by incorporating a 5 min incubation in a 1:5000 dilution of OliGreen (Molecular Probes) in PBS in the final washes. Nuclear staining of early embryos with this dye required pretreatment with RNase (400 µg/ml for 1-2 h). All microscopic images were obtained using a Bio-Rad MRC-1024 confocal system, utilizing an Argon/Krypton mixed gas laser, and mounted on a Zeiss Axiovert microscope.
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